We have previously reported the isolation of a human breast cancer cell line resistant to doxorubicin (adriamycin; AdrR MCF-7 cells) that has also developed the phenotype of multidrug resistance (MDR). MDR in this cell line is associated with increased expression of mdr (P glycoprotein) gene sequences. The development ofMDR in AdrR MCF-7 cells is also associated with changes in the expression of several phase I and phase II drug-detoxifying enzymes. These changes are remarkably similar to those associated with development of xenobiotic resistance in rat hyperplastic liver nodules, a wellstudied model system of chemical carcinogenesis. Using an mdr-encoded cDNA sequence isolated from AdrR MCF-7 cells, we have examined the expression of mdr sequences in rat livers under a variety of experimental conditions. The expression of mdr increased 3-fold in regenerating liver. It was also elevated (3-to 12-fold) in several different samples of rat hyperplastic nodules and in four of five hepatomas that developed in this system. This suggests that overexpression of mdr, a gene previously associated with resistance to antineoplastic agents, may also be involved in the development of resistance to xenobiotics in rat hyperplastic nodules. In addition, although the acute administration of 2-acetylaminofluorene induced an 8-fold increase in hepatic mdr-encoded RNA, performance of a partial hepatectomy either before or after administration of 2-acetylaminofluorene resulted in a >80-fold increase in mdr gene expression over that in normal untreated livers. This represents an important in vivo model system in which to study the acute regulation of this drug resistance gene.
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Multidrug resistance (MDR) occurs in tumor cell lines that develop resistance to a single agent but often develop cross-resistance to a wide range of structurally dissimilar agents whose presumed mechanisms of action differ markedly (1) (2) (3) (4) (5) . Studies in MDR cell lines have shown that resistance is frequently associated with defects in drug accumulation (6, 7) as well as overexpression of high molecular mass (130-170 kDa) membrane glycoprotein(s) (4, 6, 8, 9) . This membrane protein is thought to be involved in the active efflux of drug from MDR cells. Several laboratories, including our own, have isolated DNA sequences that apparently encode this membrane protein (designated P glycoprotein or mdr) and have demonstrated their amplification and overexpression in MDR animal and human cell lines (10) (11) (12) (13) (14) (15) . The role of the mdr-encoded gene product as a putative drug efflux pump is supported by studies demonstrating the ability of this protein to bind to antineoplastic drugs (16) (17) (18) . Moreover, DNA sequence analysis has demonstrated homologies between portions of mdr-encoded cDNAs and several bacterial membrane transport proteins (19) (20) (21) .
We have previously reported the isolation of a human MCF-7 breast cancer cell line that was selected for resistance to doxorubicin [adriamycin-resistant (AdrR) and that exhibits the phenotype of MDR (22, 23) . MDR in these AdrR MCF-7 cells is associated with a defect in drug accumulation as well as amplification and overexpression of mdr gene sequences (15, 22, 23) . Resistance in these cells is also associated with changes in the expression of several phase I and phase II drug-detoxifying enzyme activities, which are remarkably similar to those associated with the development of xenobiotic-resistance in a Solt-Farber model of carcinogenesis (24) . In this model system, exposure of rats to carcinogens induces macroscopic liver foci referred to as hyperplastic liver nodules (HNs). HNs are preneoplastic lesions, most of which regress over several weeks to months into normal-appearing hepatic parenchyma. A few lesions, however, eventually progress to malignant hepatomas (25, 26) .
One of the interesting features of rat HNs has been the finding that these foci are resistant to the cytotoxic effects of many xenobiotics (27) and that the development of resistance is associated with a number of biochemical changes in rat HNs (1, 28) . In a previous report, we compared biochemical changes that developed in AdrR MCF-7 cells with those that develop in rat HNs (23) . In both systems, exposure to a single agent results in the selection of cells that are cross-resistant to a wide variety of structurally different toxins (27) (28) (29) (30) . Moreover, resistance in both systems is associated with decreased toxin accumulation (6, 7, 31, 32) , decreased expression of the phase I metabolizing enzyme aryl hydrocarbon hydroxylase (33) (34) (35) , and increased expression of several phase II drug-conjugating enzymes, including an anionic glutathione S-transferase (GST-P or ir; EC 2.5.1.18) (27, 36, 37) and UDP glucuronyl transferase I (38) .
Since decreased toxin accumulation is a property of both model systems of resistance, we examined mdr gene expression in rat HNs using a human cDNA probe obtained from AdrR MCF-7 cells. The studies presented in this report demonstrate that xenobiotic resistance induced by carcinogens in rat HNs is associated with increased mdr gene expression, a gene that is associated with resistance to antineoplastic agents. (39) .
MATERIALS AND METHODS

Materials
Nucleic Acid Analysis. Frozen liver samples were first ground into a fine powder with mortar and pestle while on dry ice. RNA was isolated from MCF-7 cells and liver samples using guanidinium isothiocyanate followed by cesium chloride centrifugation as described (40, 41) . Poly(A)+ RNA was obtained using oligo(dT)-cellulose chromatography. Slot blot analysis was performed by applying total cellular RNA directly to nitrocellulose filters as described by the slot blot manufacturer (Schleicher & Schuell). RNA transfer blot analysis was performed following electrophoresis of RNA on a 1% formaldehyde/agarose gel, staining with ethidium bromide to check for equality of RNA loading, and then transferring the size-fractionated RNA to nitrocellulose filters (42) . RNA filters were prehybridized, hybridized, and washed as described (42) .
The probes used in these studies include a human mdr cDNA probe, pADR-1, which we isolated from a cDNA library made from RNA from AdrR MCF-7 cells using a hamster probe homologous to P glycoprotein sequences (12, 15) . pADR-1 was subcloned into pGEM3 and used to make a radiolabeled RNA probe using T7 RNA polymerase. A probe coding for the rat anionic GST-P, pGP5, present in rat HNs was kindly provided by M. Muramatsu (37) .
RESULTS
Increased mdr Transcripts in Regenerating Liver, HNs, and Hepatocellular Carcinomas. A map of the human mdr cDNA sequence isolated from a cDNA library constructed from AdrR MCF-7 cells is shown in Fig. 1A (15) . This clone hybridized to a 4.8-kilobase (kb) mRNA that was overexpressed in AdrR MCF-7 cells compared to WT MCF-7 cells (Fig. 1B) . This sequence also detected a 4.8-kb mRNA species in normal rat liver. When RNA was obtained from rat livers 18 hr after partial hepatectomy and probed with pADR-1, there was a slight increase in the concentration of mdr-encoded RNA (Fig. 1B) . Thus, stimulation of hepatic cell growth by partial hepatectomy resulted in increased basal mdr gene expression.
RNA was also obtained from pooled rat HNs taken from a single animal and examined for the expression of mdr RNA. As shown in the RNA transfer blot analysis in Fig. 1B , the level of the 4.8-kb mdr RNA was increased in rat HNs relative to the expression in normal liver. The expression of mdr appeared to be increased relative to the level in regenerating liver. Thus, the induction of these preneoplastic lesions several weeks after carcinogen treatment of animals resulted in a marked increase of mdr RNA above the basal level. The expression of this gene was also examined in a single hepatocellular carcinoma that subsequently formed in one of the animals. The level of mdr RNA in this cancer, examined 14 months after the initial induction regimen, was also increased relative to the level in normal liver (Fig. 1B) .
Thus, the carcinogen-induced increase in mdr gene expression was stable over time and apparently remained elevated during the subsequent transformation of the preneoplastic nodule to the malignant cancer.
In a similar manner, we also examined the expression of an anionic GST-P in these samples using a rat cDNA probe (37) . As shown in Fig. 1C , there was a marked increase in the expression of anionic GST-P in the preneoplastic nodules and in the cancer relative to the expression in normal rat liver. This finding is consistent with previous observations in which GST-P protein (36) and mRNA (37) increased in rat HNs and hepatomas. Thus, mdr and GST-P gene expression were increased in both of these states. In contrast to the increase in mdr RNA following partial hepatectomy noted above, we found no increase in GST-P RNA in regenerating liver at any time (12-72 hr) following partial hepatectomy alone in the absence of carcinogen treatment.
Quantitation of mdr Transcripts in HNs and Hepatocellular
Carcinomas. To obtain a more accurate indication of the level of mdr mRNA in rat HNs and carcinomas, slot blot hybridization was performed using total cellular RNA as described in Materials and Methods. As shown in Fig. 2 , there was a 3-fold increase in mdr mRNA concentration in regenerating liver 18 hr after partial hepatectomy relative to that present in normal hepatic parenchyma. Thus, as noted in the previous section, increased hepatic cell proliferation alone resulted in increased mdr gene expression. In other experiments we have found that the level of mdr RNA increased in a time-dependent manner following partial hepatectomy. The maximum increase (3-fold) occurred 18-24 hr after surgery (data not shown).
The expression of this gene was also examined in pooled samples of HNs obtained from three additional animals 6-8 weeks following treatment with 2-AAF and partial hepatectomy. In the HNs from one of these animals mdr gene expression was increased 10-fold relative to its expression in normal liver, whereas the expression of this gene was increased 4-and 5-fold in the HNs from the other two animals. In addition, hepatomas were isolated from five individual animals. In one of these tumors, there was no difference in the level of mdr RNA relative to the level in normal liver. However, in each ofthe remaining four samples there was an increase in mdr gene expression (3- experiments, animals were sacrificed at various times after the first dose of 2-AAF and the levels of hepatic mdr and GST-P mRNA in each sample were analyzed by slot blot hybridization (Fig. 3B) .
In group A, following three daily doses of 2-AAF, there was no detectable increase in mdr mRNA on day 3 (12 hr after the last dose) or on day 4 (24 hr after the last dose) of the treatment schedule. However, on day 5 (48 hr after the last dose of 2-AAF) there was an 8-fold increase in the level of hepatic mdr RNA. Thus, acute administration of 2-AAF resulted in an increase in hepatic mdr gene expression.
Similar results were obtained in treatment group B, in which only two daily doses of2-AAF were given to animals. Though there was no increase in mdr RNA in this treatment group on day 4 (48 hr after the last dose), there was a similar 8-fold increase in the expression of this gene on day 5 . Thus, two doses of 2-AAF are sufficient to induce hepatic mdr expression. In both experiments, the induction of mdr gene expression was somewhat delayed and occurred on the fifth day following the first dose of 2-AAF.
The combination of 2-AAF and partial hepatectomy produces a more marked enhancement of mdr gene expression. Whereas partial hepatectomy alone induced a 3-fold increase in mdr RNA (Figs. 2 and 3B ) and 2-AAF alone produced an 8-fold increase (Fig. 3B, group A, day 5) , the two treatments combined produced a >80-fold increase in mdr gene expression when assayed on day 5. The level of mdr RNA in group C animals approached the level present in AdrR MCF-7 cells, which are 200-fold resistant to doxorubicin (Fig. 3B) (15) . The marked enhancement of mdr gene expression also occurred in animals treated with a partial hepatectomy prior to receiving 2-AAF (group D). Thus, 2-AAF treatment and partial hepatectomy apparently act synergistically to enhance hepatic mdr gene expression.
The same RNA samples obtained from the acute induction experiments outlined in Fig. 4 were probed with the rat Medical Sciences: Fairchild et al. factors involved in its regulation represents an important research priority. The large increase in mdr RNA in the liver of rats treated with 2-AAF plus partial hepatectomy offers a readily available in vivo model system in which to study the control of mdr gene expression.
Enhanced mdr gene expression can now be added to the list of biochemical changes associated with the development of xenobiotic resistance in rat HNs as well as with MDR in AdrR MCF-7 breast cancer cells. These findings may have important clinical implications and suggest a possible explanation for the de novo resistance to chemotherapy that is a common problem in tumors associated with increased carcinogen exposure, such as colon cancer. Indeed, elevated levels of the anionic GST-P protein (45) and GST-P RNA (J. Moscow and K.H.C., unpublished data) and high levels of mdr RNA (46) have been found in colon cancer samples. Perhaps the de novo resistance to chemotherapy in colon cancer is due, in part, to carcinogen-induced changes similar to those found in rat HNs and AdrR MCF-7 cells, including changes in expression of phase I and phase II drug detoxification genes and enhanced mdr gene expression.
Note. Since submission of this manuscript, another study has appeared that also demonstrates an increase in mdr RNA in rat HNs and hepatomas (47) .
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